11,580 DELENE ET AL.: REMOTE SENSING OF VOLCANIC CLOUDS
microwave data have also been applied to land surface-type classification [Neale et al., 1990 ], snow and sea ice studies [Kunzi et al., 1976] , and precipitation estimates [Wilheit, 1986] . Currently, researchers are using SSM/I data to study the global hydrological cycle [Ferraro et al., 1994a] .
The remote sensing of meteorological clouds and precipitation forms a good basis for the study of volcanic clouds because of the characteristics they share. Precipitation systems contain ice particles, which owing to their size and abundance, behave similarly to millimeter-sized silicate particles and possible ice-coated ash particles [Rose et al., 1995b] found in volcanic clouds. Owing to these similarities, it is reasonable to assume that volcanic clouds can be studied using the methods developed for studying precipitation systems.
Although the SSM/I sensor was designed for meteorological applications, it has the potential of providing information about particle size and mass during and shortly after volcanic eruptions. The SSM/I instrument measures the Earth-emitted radiation at millimeter wavelengths, which makes it particularly useful for detecting the scattering from millimeter-sized particles. In this paper, we exploit the knowledge obtained from the study of meteorological clouds using SSM/I data and apply these methods to volcanic ash clouds. We present the results of applying SSM/I data to the study of the August 19, 1992 (UT date), eruption of Mount Spurr, Alaska.
Volcanic Ash Cloud Data
The SSM/I data archive was searched for possible detection of the recent eruptions of Mount Spurr, Lascar, Klyuchevskoi, and Rabaul. There was some evidence of the Mount Spurr, Klyuchevskoi, and Rabaul eruptions in the SSM/I data archive. There are several reasons why not all volcanic ash clouds are observed by the SSM/I instruments.
(1) The SSM/I instrument has a 1400-km swath, which results in a single instrument only observing about 60% of the Earth in 24 hours. The interswath gaps vary from day to day resulting in changes in the area observed. (2) There are sometimes data gaps within the SSM/I orbits. (3) It may not be possible for microwaves to detect volcanic ash clouds older than about 0.5 hours owing to the rapid fallout rate of millimeter-sized particles [Rose et al., 1995a] . This paper focuses on the volcanic cloud emitted from the August 19, 1992, subplinian eruption of the Crater Peak vent at the Mount Spurr volcano in south central Alaska. The reasons for selecting this volcanic cloud for study are the satisfactory SSM/I image (see Figure 1 ) and the complementary ground-based C-band radar and satellitebased AVHRR data. The SSM/I image captured the volcanic ash cloud during the middle of the eruption, which lasted between 0142 and 0510 UT [Rose et al., 1995a] . Owing to the shorter wavelength, which is sensitive to smaller particles, and the better spatial resolution, the 85-GHz channel is best for detecting volcanic ash clouds.
When the SSM/I brightness temperature data were imported into a Terascan TM software package, the data were found to suffer from navigational errors. These errors caused the land/water boundaries to be incorrect when overlaying the coast on an image. Therefore each SSM/I image was adjusted until the land/water boundaries of the map overlay coincided visually with the land/water boundaries of the SSM/I data. Owing to the SSM/I 530 incidence angle, the volcanic cloud is offset in relation to its true map position. Therefore the volcanic cloud position must be adjusted using the satellite incident angle and cloud height to calculate its true surface location. Note that the AVHRR is a nadir viewing instrument, therefore it does not have such a distortion associated with it.
The adjusted position of the SSM/I volcanic ash cloud can be compared with that observed by radar and AVHRR (see Figure 2) . The volcanic ash cloud area detected by the SSM/I instrument is larger than the area detected by C-band radar but smaller than the area detected by AVHRR. This is due to the fact that when the majority of the particles in the volcanic ash cloud are smaller than a minimum particle size, the instrument no longer detects the volcanic ash cloud. The minimum particle size detectable by an instrument is hard to quantify precisely because of the combined effects of the particle size distribution, the single-particle cross section, the different shapes of particles, and the specifications of the instrument. In our case, the minimum particle size for the SSM/I instrument is between 0.1 and 1 mm. 
Analysis of Volcanic Ash Clouds
Volcanic ash clouds can be analyzed by adapting methods developed for the study of precipitating systems. By employing these methods, the similarities and differences between volcanic ash clouds and other precipitation are developed.
SSM/I scenes can be separated in two classes: absorbing and volume-scattering materials [Grody, 1991] . Absorbing surfaces (water, melting snow, and vegetation) have brightness temperatures that increase with frequency, owing to the presence of water in these materials. In contrast, scatterers (dry snow cover, desert sand, and precipitation) have brightness temperatures that decrease with increasing frequency. Scattering areas on an SSM/I image occur where radiation has been emitted and then scattered by particles before being detected by the SSM/I sensor. In contrast, absorbing areas occur where radiation is emitted from a surface and not scattered before being detected by the SSM/I The low brightness temperatures of the volcanic ash cloud (see Figure 1) are the result of scattering of Earth-emitted radiation by ash particles. The scattered intensity for a single particle depends strongly on the ratio of the particle size to the wavelength of the incident radiation. This ratio defines two major types of scattering, Rayleigh and Mie scattering. If the incident wavelength is less than 1/10 of the particle size, the resulting scattering is defined as Rayleigh scattering. Mie scattering occurs when the incident wavelength is of the order of the particle size. McCartney [1976] and van de Hulst [ 1981 ] give in-depth discussions on the scattering of radiation by cloud particles. Figure 6 shows the scattering efficiency factors for ice and ash particles. The efficiency factor is the ratio of the particle's cross section to its geometrical cross section. The total energy scattered in all directions is equal to the energy of the incident wave falling on the area of the particle's scattering cross section. Note that the differences in the magnitude of efficiency factors for ash and ice are due to the differences in the refractive index between ice and ash particles.
For the Rayleigh scattering region (i.e., 0.3 mm or smaller at 85-GHz), the efficiency factor is relatively small, which results in a small effect on the brightness temperature. The scattering efficiency factor does not become large until you enter the Mie region. The Mie region is from the upper end of the Rayleigh region until there is a constant efficiency factor. When two channels have the same scattering efficiency factor, the brightness temperature that they observe will be the same since they scatter Earth-emitted radiation in a similar fashion. This is possible in band 4 and band 5 of the AVHRR when observing a volcanic ash cloud with large (millimeter-sized) particles [Lin and Coakley, 1993].
Volcanic ash clouds contain a range of particle sizes, which can be described by a particle size distribution. Below we describe a simple radiative transfer model which determines the mean particle size and the mass of a volcanic ash cloud from SSM/I measurements. A more complex radiative transfer model would include emission by particles within the volcanic ash cloud [Lin and Coakley, 1993; Prata, 1989 ], but that is beyond the scope of this paper.
Assuming Once the mean value of the lognormal distribution is determined, it is possible to calculate the mass of the volcanic ash cloud using (2) if we assume that the particle size 
A similar empirical relationship could be developed to relate the scattering index to an ashfall rate. For the development of such a relationship, however, it would be necessary to have several SSM/I observations along with "ground truth" information about the ashfall rate. These types of data are not available at present; therefore we decided instead to use dielectric data to modify the rainfall rate equation to give an estimate of the ashfall rate. The radar return from an ash particle is less than that from a water particle. A correction factor (alpha) can be computed owing On the basis of only the different refractive index factors, the correction factor for radar reflectivity would be 0.42. Assuming that the change in refractive index has a similar effect on the scattering index as on radar returns, the alpha correction factor can be applied to (7) to give an ashfall rate.
Support for the use of this alpha correction factor is found when it is applied to calculating radar reflectivity of the volcanic ash cloud based on the scattering index. For stratiform (widespread, relatively uniform) rain the following empirical equation relates the reflectivity factor (Z) to the rainfall rate [Skolnik, 1990] .
Z =200R 1'6 (8)
By combining (7) and (8), the radar reflectivity for a meteorological cloud can be calculated based on the SSM/I scattering index. Table 2 compares this value to that of the observed reflectivity and to the reflectivity using the alpha correction factor. The reflectivity based on stratiform rain is higher than that observed by radar, whereas the corrected reflectivity agrees better with the ground-based C-band radar observation. Figure 7 shows the results of applying the modified rainfall relationship to the. SSM/I data. The eruption rate was assumed to be constant and the eruption duration is assumed to be 3. This gives an idea of the upper limit on the empirical method error; however, the only good way to evaluate this error is to do several case studies of volcanic ash clouds.
Currently, meteorologists are developing and deploying new satellite sensors to extend their data coverage in both time and space to enable study of the global hydrological cycle. Many of these sensors will improve our ability to study volcanic ash clouds in the microwave portion of the spectrum. The Tropical Rainfall Measuring Mission satellite will have a microwave imager and precipitation radar [Weinman et al., 1994] . The microwave imager is similar to the SSM/I with an improved horizontal resolution of 5 km. These sensors and other future satellites will improve our ability to estimate mass and ash fallout of volcanic clouds. Modern ground-based radar has some advantages over satellite-based microwave sensors; however, most volcanoes are not in the range of ground-based radar. By using groundbased radar to calibrate and verify microwave sensors, the study of volcanic ash clouds in the microwave region can be conducted on a global scale.
In the future, microwave satellite detectors could be used 
